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The Drosophila disconnected (disco) gene is required for the formation of appropriate connections between the larval optic
nerve and its target cells in the brain. The disco gene encodes a nuclear protein with two zinc fingers, which suggests that
the gene product is a transcription factor. Here, we present data supporting this notion. We find that disco expression in the
optic lobe primordium, a group of cells contacted by the developing optic nerve, depends on an autoregulatory feedback loop.
We show that wild-type disco function is required for maintenance of disco mRNA and protein expression in the developing
ptic lobe. In addition, we demonstrate that ubiquitous Disco activity supplied by a heat-inducible gene construct activates
xpression from the endogenous disco gene specifically in the optic lobe primordium. Consistent with a role of Disco as a
ranscriptional regulatory protein, we show that portions of the Disco protein are capable of activating the transcription of
eporter constructs in a heterologous system. Moreover, we find that the zinc finger portion of Disco binds in vitro to
equences located near the disco transcription unit, suggesting that Disco autoregulates its transcription in the optic lobe
rimordium by direct binding to a regulatory element in its own promoter. © 1999 Academic Press
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The proper development of a functional nervous system
involves the formation of a precisely patterned network of
axonal pathways and neuronal connections. Interactions
between developing neurons and their surrounding environ-
ment are responsible for the establishment and mainte-
nance of specific pathways and connections. These interac-
tions require that the molecules that mediate axon
guidance and cell recognition be expressed with temporal
and spatial specificity.
The Drosophila disconnected (disco) gene is essential for
he establishment of proper neuronal connections in the
arval visual system (Steller et al., 1987). Drosophila larvae
have a pair of visual organs, each consisting of 12 photore-
ceptor cells, which have axons that fasciculate to form the
larval optic nerve. This nerve projects directly to the brain
via a defined pathway (Bolwig, 1946; Steller et al., 1987). In
1 Present address: Howard Hughes Medical Institute, Depart-
ment of Biochemistry and Molecular Biophysics, Columbia Uni-
versity, New York, NY 10032.
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make synaptic connections with specific interneurons.
This larval optic nerve pathway is formed in a series of
discrete steps during embryogenesis (Steller et al., 1987;
Green et al., 1993; Campos et al., 1995; Shmucker et al.,
1997). In disco mutant embryos, the initial steps in the
establishment of the optic nerve pathway are normal.
Contact between the photoreceptor cells and the develop-
ing brain is formed as in wild type, but this contact is often
lost later in development. As a result, the optic nerve
frequently extends in an inappropriate location. In the cases
in which contact between the optic nerve and the brain is
not lost, synaptic connections are apparently not formed in
disco mutants (Campos et al., 1995). A detailed analysis of
the disco mutant phenotype (Campos et al., 1995) and disco
expression studies (Lee et al., 1991) have provided evidence
that Disco functions in cells contacted by the larval optic
nerve to direct optic nerve connectivity. In particular, disco
expression is found in optic lobe pioneer (OLP) cells, an
intermediate target of the larval optic nerve, and these OLP
cells fail to differentiate in disco mutant embryos (Campos
et al., 1995). Thus, the disco gene appears to be required
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critical guidance cues by the axons of the larval photore-
ceptor cells.
The disco gene sequence contains two zinc-finger motifs
(Heilig et al., 1991), a feature shared by many transcription
factors (Harrison, 1991; Berg, 1990; reviewed by Mackay
and Crossley, 1998). This observation, together with the
localization of Disco in the nucleus (Lee et al., 1991), has
led to the suggestion that disco encodes a transcriptional
regulatory protein. As such a transcriptional regulator,
Disco may act in visual system development to regulate the
expression of molecules involved in cell adhesion and/or
target recognition or to direct the differentiation of specific
cells, such as the OLPs, that act as guidance or recognition
cues.
Here we have further examined the role of disco during
the development of the larval visual system. We provide
evidence that disco encodes a transcriptional regulatory
protein that positively autoregulates its mRNA and protein
expression in the developing optic lobe primordium, the
target region of the larval optic nerve. We find that disco
activity is required for maintenance, as opposed to initia-
tion, of disco expression in this tissue. By expressing Disco
ubiquitously under the control of the heat-inducible hsp70
promoter, we demonstrate that it activates its own expres-
sion specifically in the optic lobe primordium. This striking
tissue specificity suggests that other factors interact with
Disco to restrict its autoregulatory activity to cells of the
optic lobe primordium. We assayed the in vitro DNA
binding activity of Disco using genomic DNA from the
disco locus. We find that Disco has sequence-specific DNA
binding activity, which is dependent on intact zinc finger
sequences. Two sites located in or near the disco transcrip-
tion unit are bound by Disco in vitro. Moreover, when fused
with the lexA DNA binding domain, Disco is capable of
activating the transcription of lexA reporter genes in yeast.
These data strongly support the hypothesis that disco
encodes a transcriptional regulatory protein and indicate
that the autoregulation of disco in the visual system may be
mediated by direct binding of Disco to its own promoter.
MATERIALS AND METHODS
Immunohistochemistry
Immunohistochemical staining of embryos was performed es-
sentially as previously described (Steller et al., 1987; Lee et al.,
1991). For detection using HRP-conjugated secondary antibodies,
embryos were fixed in a 1:1 mixture of heptane and PLP fixative
(McLean and Nakane, 1974). For detection using fluorescent sec-
ondary antibodies, embryos were fixed in a 1:1 mixture of heptane
and 4% paraformaldehyde in 0.1 M phosphate buffer. In either case,
fixation was for 30 min at room temperature. The affinity-purified
anti-Disco antibody (Lee et al., 1991), the anti-Elav monoclonal
antibody 44C11 (Bier et al., 1988), and the anti-FasII monoclonal
antibody (Bastiani et al., 1987) were used at a dilution of 1:3.
Secondary antibodies (HRP-conjugated anti-rabbit Ig from Bio-Rad,
rhodamine-conjugated anti-rabbit Ig from Boehringer Mannheim, F
Copyright © 1999 by Academic Press. All rightand FITC-conjugated anti-mouse Ig from Cappel) were used at a
dilution of 1:100. All antibody incubations were done overnight at
4°C. Stained specimens were analyzed using either a Zeiss Axio-
phot microscope or a Bio-Rad MRC600 laser scanning confocal
microscope equipped with a krypton/argon laser. Data generated by
laser scanning confocal microscopy was processed using the manu-
facturer’s software and instructions.
In Situ Hybridization
Whole-mount in situ hybridization was performed as previously
described (Tautz and Pfeifle, 1989) with modifications as described
in Lee et al. (1991). Hybridization probes were either generated
from a cDNA isolate of the disco gene and used as previously
described (Lee et al., 1991) or, for specific detection of the endog-
enous disco transcript in heat-shock experiments, generated using
the polymerase chain reaction (PCR) as follows: Two separate
fragments, corresponding to bases 26–142 and bases 122–241 of the
disco gene (Heilig et al., 1991), were generated by PCR using total
Drosophila genomic DNA as a template. Products of the appropri-
ate size were isolated by preparative gel electrophoresis using
low-melting-temperature agarose. Digoxigenin-labeled probes were
prepared from these fragments in a 50-ml reaction containing 100
g template DNA, 13 standard PCR buffer (Perkin–Elmer Cetus),
.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.13 mM TTP, 0.07
M digoxigenin-11–dUTP (Boehringer Mannheim), 0.3 mg oligo-
nucleotide primer (one of the primers used in the initial PCR), and
2.5 U Taq polymerase (Perkin–Elmer Cetus). The reaction was
subjected to 30 cycles of 95°C for 45 s, 55°C for 30 s, 72°C for 1 min
followed by an additional incubation at 72°C for 10 min. After this
cycling, the reaction was ethanol precipitated twice and resus-
pended in 500 ml hybridization buffer (Lee et al., 1991). For in situ
hybridization, a 1:1 mixture of the probes generated from each PCR
fragment was diluted 1:5 in the hybridization reaction.
Heat-Shock Induction of disco Expression
For these experiments, a disco1 mutant strain carrying a ho-
mozygous viable third chromosome insertion of the hs-disco P
element was used. The hs-disco P element was constructed by a
three-way ligation using the P-element-containing CaSpeR vector
(Pirrotta, 1988) cut with EcoRI and XbaI, an EcoRI/SalI 456-bp
fragment containing the upstream regulatory sequences of the
hsp70 gene (Ingolia et al., 1980), and a SalI/SpeI cDNA fragment
containing all of the coding region of the disco gene (Heilig et al.,
1991). DNA from the hs-disco construct was combined with DNA
from the helper plasmid pII25.7wc (Karess and Rubin, 1984) at a
ratio of 10 to 1 and injected into preblastoderm y w67c23 embryos.
disco1 and disco1;hs-disco embryos were collected on molasses-
agar plates for 2 h at 25°C, aged for 4 h at 25°C, then heat-shocked
by immersion in a 37°C water bath for 45 min. After a further 1.5-h
incubation at 25°C, embryos were fixed and processed for in situ
ybridization. Control, non-heat-shocked embryos (disco1 and
isco1;hs-disco) were collected as above (2 h at 25°C), but were
maintained at 25°C for 6.25 h, then fixed and processed as above.
Several hundred embryos were analyzed in three separate experi-
ments; representative results are shown in Fig. 4.
Fusion ProteinsGeneration of disco fusion proteins is described in Lee et al. (1991).
usions to Staphylococcus aureus protein A [using expression vector
s of reproduction in any form reserved.
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387Autoregulation of Drosophila disco GenepRIT2 (Nilsson et al., 1985)] and a short bacteriophage T7 polypeptide
[using the expression vector pET-3a (Studier et al., 1990)] were used in
these studies. These expression plasmids contain a portion of the
disco gene corresponding to bases 615–1156 of the mature transcript
(Heilig et al., 1991), which includes the entire zinc finger region. A
pET derivative that directs the expression of a mutant disco–T7 fusion
protein containing the disco1656 mutation was constructed as follows:
A 305-bp BstXI–NotI fragment from the disco gene sequence con-
ained in the pET-3a vector was excised and replaced with the
orresponding fragment obtained by PCR amplification of genomic
NA isolated from disco1656 flies. The presence of the mutation was
confirmed by restriction analysis. The expression levels and solubility
of the mutant protein were found to be comparable to that of the
wild-type fusion protein. The pRIT fusion protein was purified by
affinity chromatography as previously described (Lee et al., 1991). The
ET fusion proteins used in DNA binding studies were bacterial
xtracts made by lysis in 10 mM Tris–HCl, pH 8, 300 mM NaCl, 1
g/ml lysozyme. Extracts were sonicated and Tween 20 was added to
.5% before centrifugation to remove insoluble material.
DNA Binding Assays
Immunoprecipitation reactions to identify Disco binding sites in
genomic DNA were based on methods previously described
(Desplan et al., 1985; Treisman and Desplan, 1989). Briefly, DNA
rom bacteriophage l isolates containing inserts of Drosophila
genomic DNA from the disco locus (Heilig et al., 1991) were
digested with Sau3AI, dephosphorylated, and end-labeled with 32P
by kinasing. Labeled DNA (approximately 30 ng) was incubated
with an affinity-purified Disco–protein A fusion protein (approxi-
mately 0.5 mg) on ice for 30 min in a 50-ml reaction containing 20
M Tris–HCl, pH 7.5, 170 mM NaCl, 0.2 mM NaEDTA, 1 mM
TT, 0.5 mM ZnCl2, 50 mg/ml BSA, 10% glycerol, and varying
amounts of competitor DNA. Protein–DNA complexes were iso-
lated by binding to rabbit IgG coupled to magnetic beads (Advanced
Magnetics). Magnetic beads were extensively washed in the above
binding buffer prior to use. Protein–DNA complexes bound to the
magnetic beads were subjected to three washes in binding buffer,
followed by extraction in formamide loading buffer and resolution
by electrophoresis in 5% denaturing polyacrylamide gels. The
genomic locations of the binding sites were mapped by first using
overlapping phage isolates in the binding assays, followed by
assaying binding to plasmid subclones of these phage isolates.
Electrophoretic mobility shift assays were performed essentially
as previously described (Garner and Revzin, 1981; Fried and Croth-
ers, 1981). DNA fragments used in these assays were end-labeled by
fill-in reaction with the Klenow fragment of DNA polymerase.
Labeled DNA (roughly 0.3 ng) was incubated with fusion proteins
(50–250 ng of affinity-purified Disco–protein A fusion, 0.6–3 mg of
bacterial extracts containing the Disco–T7 fusions) in a 20-ml
reaction containing 10 mM Hepes, pH 7.9, 50 mM KCl, 0.5 mM
NaEDTA, 0.5 mM DTT, 0.5 mM ZnCl2, 0.25 mg/ml BSA, 300 ng of
poly(dI–dC), and 10% glycerol. Reactions were incubated on ice for
30 min and resolved in 4% nondenaturing polyacrylamide gels
using 13 Tris–Glycine buffer.
Construction of Disco–LexA DNA Binding
Domain Fusions
A 59 disco cDNA fragment corresponding to the N-terminal 186
amino acids was PCR amplified with primers containing EcoRI
sites and cloned at EcoRI site of the yeast expression vector pEG202
Copyright © 1999 by Academic Press. All rightin frame with the lexA coding sequence (Gyuris et al., 1993). The
same fragment carrying a mutation that substitutes Cys at position
127 to Ser was PCR amplified from genomic DNA from disco1
mutant flies. The sequences of the two primers used for PCR
amplification are as follows: sense primer, 59 CCC ACC ACA GAA
TCC ATG GAG CAC 39; antisense primer, 59 G CAA GCG GAA
TTC GTC CGG C 39.
The middle portion of disco encoding amino acids 186 to 414
including the glutamine-rich region was PCR amplified with
primers carrying EcoRI sites. This fragment was subcloned in the
EcoRI site of pEG202 as above. The sequences of the two primers
used for PCR amplification are as follows: sense primer, 59 CCG
GTT GAA TTC CCC CGA CTT CTG 39; antisense primer, 59
CGG GTC GAA TTC CAT TTT GAT GCT 39.
The 39disco cDNA fragment corresponding to the C-terminal
153 amino acids was PCR amplified with primers carrying EcoRI
sites and the restriction fragment was cloned at the EcoRI site of
pEG202 as above. The sequences of the two primers used for PCR
amplification are as follows: sense primer, 59 AGC ATC AAA ATG
GAA TCC GAC CCG 39; antisense primer, 59 T CGC CAT GGA
TCA GAA TTC TGG AC 39.
The lacZ reporter construct pSH18-34 was kindly provided by
Dr. Roger Brent (Harvard Medical School). The construct contains
a TATA box, a transcription start site, and a small part of the Gal1
coding sequence fused to the lacZ gene. The Gal1 upstream
activating sequence was replaced with four lexA operators. All
constructs were verified by sequencing.
Yeast Cell Transformation
The yeast strain Saccharomyces cerevisiae EGY48 used in this
study is ura3, his3, trp1, lexAop-leu2 (kindly provided by Dr. Roger
Brent). The lexAop-leu2 reporter gene construct was integrated into
the genome of EGY48. In this reporter gene construct, the regula-
tory region of the leu2 gene located upstream of the coding region
of the gene was replaced with three high-affinity lexA binding sites
(lexA operators).
Overnight cultures (50 ml) were pelleted by centrifugation at
2000g for 5 min at 4°C. Cells were washed twice in TE buffer (10
mM Tris–Cl, pH 7.5, 1 mM EDTA), resuspended in 2 ml of LA
buffer (100 mM LiOAC, 0.53 TE), and incubated at 30°C for 1 h
with gentle shaking. DNA (0.5 mg) was added to 0.2 ml of the cells
in LA buffer, followed by 0.7 ml of PEG (100 mM LiOAC, 40%
PEG-3350, 13 TE). The cells were mixed gently, incubated at 30°C
for 1 h followed by a heat shock at 42°C for 10 min, allowed to cool
to room temperature, and plated on selective medium.
RESULTS
Characterization of disco-Expressing Cells
in the Optic Lobe Region
Previously, we showed that disco is expressed in the
embryonic primordia of the adult optic lobes (Lee et al.,
1991). These primordia develop by invagination from each
lateral surface of the posterior procephalic lobe (Campos-
Ortega and Hartenstein, 1985; Green et al., 1993). They
remain largely nonneuronal until late larval stages, at
which time they divide and differentiate to form the adult
optic lobes. The timing of disco expression in the optic lobe
primordium and the association of the larval optic nerve
s of reproduction in any form reserved.
m
c
g
D
a
a
p
a
a
a
i
t
e
i
388 Lee et al.with these disco-expressing cells suggest that disco acts in
the optic lobe primordium to direct proper formation of the
larval visual pathway. Moreover, Disco immunoreactivity
is specifically absent in the optic lobe region in disco
utant embryos (Lee et al., 1991). We therefore sought to
haracterize disco expression in the optic lobe region in
reater detail.
Wild-type embryos were double-labeled with an anti-
isco polyclonal antiserum (Lee et al., 1991) and the
monoclonal antibody (mAb) 44C11 (Bier et al., 1988). This
monoclonal antibody recognizes Elav, a nuclear antigen
specifically expressed in all Drosophila neurons (Robinow
and White, 1988, 1991). Figure 1B shows a confocal image
taken from a stage 13 embryo [staging based on Campos-
Ortega and Hartenstein (1985)] stained with anti-Disco and
mAb 44C11. The developing brain hemisphere consists at
this stage of many immature neurons that express Elav. The
optic lobe primordium, which has invaginated and is in
contact with the developing brain, is composed largely of
undifferentiated cells, which do not express Elav. A ventral
portion of the optic lobe primordium and a group of imma-
ture neurons just anterior to the optic lobe primordium
express Disco. Double-labeling with anti-Disco and anti-
HRP (Jan and Jan, 1982), which, like 44C11, stains develop-
ing neurons of the brain hemisphere, also indicates that
Disco is expressed in the ventral optic lobe primordium and
in adjacent neurons (data not shown).
Lack of disco Activity Does Not Result in Gross
Defects in the Optic Lobe Region
Two point mutant alleles of the disco gene, disco1 and
disco1656, show alterations in the conserved cysteines of the
zinc finger domain (Heilig et al., 1991). Embryos carrying
either of these disco mutant alleles have a morphological
phenotype indistinguishable from embryos hemizygous for
a deletion which completely removes the disco gene. These
disco point mutations are therefore likely to represent
complete loss-of-function alleles.
Disco immunoreactivity is largely absent in the optic
lobe region in disco1 and disco1656 mutant embryos (Lee et
l., 1991). In contrast, distribution of the Disco protein in
ll other tissues in the mutant embryos is normal. In our
revious studies, we could not determine whether the
bsence of Disco expression in the disco mutant optic lobe
results from instability of the mutant protein, from cell
degeneration or mislocation, or from specific changes in
gene expression. We therefore examined the possibility that
the optic lobe cells that normally express Disco are missing
in the mutants by analyzing the expression of optic lobe-
specific antigens in disco1 and disco1656 mutant embryos.
Figure 2 shows confocal photomicrographs of wild-type
nd disco mutant embryos double-labeled with anti-Disco
ntiserum and a monoclonal antibody against the Drosoph-
la Fasciclin II (FasII) protein. Identical results were ob-
ained when either the disco1 or the disco1656 mutant
mbryos were examined. FasII is a cell surface molecule
t
1
Copyright © 1999 by Academic Press. All rightmplicated in axonal patterning and neuronal recognition in
FIG. 1. Expression of Disco in the optic lobe primordia of wild-
type embryos. Embryos were labeled with affinity-purified anti-
Disco antiserum (A) or double-labeled with anti-Disco serum and
the anti-Elav monoclonal antibody, 44C11 (B). Elav is a nuclear
protein specifically expressed in all neurons. In this and all follow-
ing figures, lateral views of embryos are shown, with anterior
oriented to the left and dorsal up. Staging of embryos follows the
convention of Campos-Ortega and Hartenstein (1985). (A) In the
stage 13 embryo, Disco is expressed in a characteristic pattern with
abundant expression in the gnathal segments (open triangle) and in
the invaginating optic lobe placodes (arrowhead). (B) A confocal
image of the head region of an embryo of roughly the same stage as
in (A) is shown. Disco (green) and Elav (red) immunoreactivity are
superimposed in this image. Cells that express both antigens
appear yellow. The positions of the optic lobe placode (arrowhead)
and the gnathal segments (open triangle) are indicated as in (A).
Disco is detected in the ventral portion of the optic lobe primor-
dium and in immature neurons just anterior to the optic lobe
primordium. Bar, 50 mm (in A), 25 mm (in B).he central nervous system (CNS) (Grenningloh et al.,
991). The molecule is expressed in a specific subset of cells
s of reproduction in any form reserved.
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389Autoregulation of Drosophila disco Genein the CNS, in other neural tissues, and in nonneural
tissues. In wild-type embryos, Disco and FasII are coex-
pressed in a portion of the optic lobe primordium (Figs. 2A
and 2C) In disco mutant embryos, FasII is expressed in the
ptic lobe region in a manner indistinguishable from wild
ype (Fig. 2D).
The b-galactosidase reporter gene in the enhancer trap
6-2-45 (Bier et al., 1989) also selectively labels cells of the
optic lobe primordium. b-Galactosidase expression in A6-
2-45 embryos, like FasII expression, is not changed in a
disco mutant background (data not shown).
These observations indicate that the cells of the optic
lobe primordium are not absent or ectopically located in the
FIG. 2. Expression of Disco and Fasciclin II (FasII) in wild-type an
3 wild-type (A, C) and a stage 13 disco1 mutant embryo (B, D). Th
nti-FasII monoclonal antibody. (A, B) Disco expression in an optica
) FasII expression in the same field as in (A, B), respectively, is sho
n the region of the optic lobe primordium (arrowhead). (B) In disco
In contrast, FasII expression, which is found in the posterior half o
and disco mutant embryos (D). Thus, optic lobe primordium cells
isco, but they still express FasII, a characteristic marker. Bar, 50disco mutant embryo. Although these mutant cells fail to
express Disco, they still express FasII and the A6-2-45
s
d
Copyright © 1999 by Academic Press. All righteporter gene as in wild type. Therefore, the loss of disco
ctivity has no apparent effect on the cellular identity or
ifferentiation of the majority of the cells in the optic lobe
rimordium.
disco Activity Is Required for Tissue-Specific
Maintenance of disco mRNA Expression
As described above, embryos carrying either of two mu-
tant disco alleles show a specific loss of Disco protein
xpression in the optic lobe region (see also Fig. 2B). In
rinciple, this could be due to posttranscriptional events,
co mutant embryos. Confocal images of the anterior half of a stage
bryos have been double-labeled with anti-Disco antiserum and an
tion at the level of the invaginated optic lobe placode is shown. (C,
A) In the wild-type embryo, abundant Disco expression is detected
ants, Disco expression in this region is largely absent (arrowhead).
optic lobe primordium (arrowheads), is the same in wild-type (C)
ot absent in the disco mutant embryo. These cells fail to expressd dis
e em
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wn. (
mut
f theuch as decreased stability of the mutant proteins. To
etermine whether disco mRNA is also affected by loss of
s of reproduction in any form reserved.
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390 Lee et al.disco function, we performed in situ hybridization experi-
ents with wild-type and disco mutant embryos.
Nonradioactive DNA probes were used to detect disco
RNA by whole-mount in situ hybridization (Tautz and
feifle, 1989) in wild-type, disco1, and disco1656 embryos.
istribution of the disco mRNA in wild-type and disco
mutant embryos is identical until roughly stage 9 or stage
10 (Figs. 3A and 3B). This includes expression in a dorsolat-
eral band just anterior to the cephalic furrow, a region of the
blastoderm embryo fated to become the optic lobe primor-
dia (Green et al., 1993). In wild-type embryos, disco staining
in this region can be followed into the optic lobe anlagen. A
fraction of embryos carrying either mutant disco allele have
fewer disco-expressing cells in this area by stage 10 or 11
(compare Figs. 3C and 3D). By stage 12, all disco mutant
embryos show very few or no disco-expressing cells in the
optic lobe region (Figs. 3F and 3H). Wild-type embryos, in
contrast, show disco mRNA expression in the optic lobe
region throughout embryogenesis (Figs. 3E and 3G). At all
stages, disco mRNA distribution is at least qualitatively
similar in wild-type and mutant embryos in other embry-
onic tissues. Thus, wild-type disco activity is required for
proper expression of disco mRNA as well as protein specifi-
cally in the optic lobe region. This activity is not required
for the initiation of disco expression in this tissue, but it is
required for maintenance of expression after stage 9 or 10.
Heat Shock-Inducible disco Specifically Activates
Expression of the Endogenous disco Gene
in the Optic Lobe Region
The results described above suggest that disco positively
autoregulates its expression in the optic lobe primordium.
We tested this hypothesis using a P-element construct
containing the disco cDNA under the transcriptional con-
trol of the hsp70 gene promoter (hs-disco). Heat-shock
treatment of embryos carrying the hs-disco P element leads
o nuclear expression of disco in apparently all cells (data
ot shown). The ectopic expression of disco results in gross
orphological abnormalities in later embryogenesis, in-
luding defects in the central and peripheral nervous sys-
ems and aberrant development of the optic lobe primordia.
he most pronounced defects were observed when hs-disco
mbryos were heat-shocked between 4 and 8 h of develop-
ent (A. R. Campos and H. Steller, unpublished results).
We asked whether the ubiquitous expression of disco in
mbryos carrying the hs-disco construct affects expression
f the endogenous disco gene. For these experiments, it was
ecessary to distinguish the endogenous disco transcript
rom the transcript produced by the hs-disco transgene. The
DNA contained in the hs-disco construct does not include
he entire 59 untranslated region of the full-length disco
RNA. Therefore, we could specifically detect expression
rom the endogenous disco gene by in situ hybridization
ith a probe corresponding to the first 275 bp of the disco 59
ntranslated region.
We assessed the effects of ectopic expression of the
t
K
Copyright © 1999 by Academic Press. All rights-disco transgene with a 45-min heat-shock given between
and 6 h of embryonic development. The treated embryos
ere allowed to age a further 1.5 h at 25°C before fixation
nd hybridization with endogenous disco gene-specific
robes.
In a wild-type background, ectopic expression of disco
nder the heat-shock promoter had no detectable effect on
ndogenous disco expression (data not shown). In the disco
utant background, however, the transgene had a pro-
ounced effect on endogenous gene expression in the optic
obe region. Even in the absence of heat shock, mutant
mbryos carrying two copies of the transgene exhibited
reater disco expression in the optic lobe primordium than
utant embryos without the transgene (Figs. 4C and 4E).
e attribute this result to a low basal activity of the hsp70
romoter. Following heat shock, disco expression in the
ptic lobe primordium of mutant embryos carrying the
s-disco transgene was significantly increased (Figs. 4D and
F). In some cases, expression in the optic lobe region was
estored to wild-type levels. In contrast, heat-shock treat-
ent of disco mutant embryos that did not carry the
s-disco transgene did not restore disco expression in the
ptic lobe region (Fig. 4B).
We conclude that disco expression in the optic lobe
primordium is positively regulated by disco activity in a
feedback loop. We detect disco autoactivation specifically
in the optic lobe region, although the hs-disco directs disco
rotein expression ubiquitously. Therefore, the feedback of
isco activity on disco expression is functional only in the
developing optic lobe and not in the majority of embryonic
tissues.
Disco Is Able to Activate Transcription in Yeast
The ability of the Disco gene product to autoregulate its
expression coupled with its nuclear localization (Lee et al.,
1991) and the presence of Kruppel-like zinc fingers strongly
suggests that Disco functions in the optic lobe as a tran-
scriptional regulator. We tested this hypothesis by asking
whether the disco gene product is able to activate transcrip-
tion of a heterologous promoter in yeast. To that end,
portions of the disco gene were fused to the lexA DNA
inding domain and transfected into yeast cells containing
he reporter gene lacZ downstream of high-affinity lexA
inding sites.
The middle portion of the Disco protein contains a
lutamine-rich domain that may function as an acidic-type
ransactivation domain (Heilig et al., 1991; Ptashne, 1988;
ope and Struhl, 1986). Consistent with this hypothesis, a
exA fusion containing amino acids 187–414 of Disco
ncluding this glutamine-rich region activated expression of
he lexA reporter. The C-terminal region, spanning residues
14–568, does not display any obvious functional domain,
nd a lexA fusion to this region did not activate the
xpression of the lexA reporter genes. In contrast, the N
erminal portion of the Disco protein containing the two
ruppel-like zinc fingers was able to activate the expression
s of reproduction in any form reserved.
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391Autoregulation of Drosophila disco GeneFIG. 3. Distribution of disco mRNA in wild-type and disco mutant embryos. The disco transcript was detected in embryos of varying
tages by whole-mount in situ hybridization using digoxigenin-labeled probes. (A, C, E, G) Wild-type embryos; (B, D, F, H) disco1 mutant
mbryos. In all images, the position of the optic lobe primordium is indicated with an arrowhead. In late stage 5 wild-type (A) and disco
utant (B) embryos, disco mRNA is found in the dorsal anterior region fated to become the optic lobe primordium. By stage 11, disco
RNA expression in the optic lobe primordium in disco mutants (D) is reduced in comparison to wild type (C). In stage 12 and later
mbryonic stages, expression of disco mRNA persists in the wild-type optic lobe primordium (E, G), whereas disco expression in the mutant
ptic lobe primordium is mostly or completely absent (F, H). Thus, wild-type disco activity is required for the maintenance, but not the
nitiation, of disco mRNA expression in the optic lobe region. Bar, 50 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
wc
1
d
t
ubiq
rdium
392 Lee et al.of the lexA–lacZ reporter construct when fused to the lexA
FIG. 4. Tissue-specific activation of endogenous disco gene expressi
that contains the disco gene coding region under the control of the
onstruct was generated by P-element-mediated transformation. Show
that hybridizes to sequences found in the endogenous disco transcrip
2 control embryos [disco1 mutant embryos; (A, B)] and similarly stag
a second chromosome insertion of the hs-disco P element; (C–F)] are s
between 4 and 6 h of development. The optic lobe primordium is indica
isco mRNA expression in the optic lobe primordium. (B) After heat
his tissue. (C, E) In the presence of two copies of the hs-disco construc
optic lobe primordium, even without heat shock treatment. We attrib
(D, F) Heat-shock treatment of disco mutant embryos carrying two
expression in the optic lobe primordium. In some cases, expression of
from wild type (F). Note that although the hs-disco gene is expressed
disco gene expression is observed exclusively in the optic lobe primoDNA binding domain (Fig. 5B). To determine whether the
zinc fingers are required for this transactivation function,
N
i
Copyright © 1999 by Academic Press. All righte constructed a LexA fusion to a mutant Disco
the heat-shock-inducible hs-disco construct. A P element construct
0 promoter (hs-disco) was made and a strain of flies harboring this
whole-mount in situ hybridization using a digoxigenin-labeled probe
not present in the ubiquitously expressed hs-disco transcript. Stage
xperimental embryos [disco1 mutant embryos carrying two copies of
. In (B, D, F), embryos were subjected to a 45-min heat shock at 37°C
n all panels with an arrowhead. (A) disco1 mutant embryos show little
k treatment, disco embryos show no increase in disco expression in
ression of the endogenous disco gene is increased in the disco mutant
his effect to a low basal level of expression from the hsp70 promoter.
s of the hs-disco transgene greatly increases endogenous disco gene
endogenous disco gene in this tissue reaches levels indistinguishable
uitously (A. R. Campos et al., submitted), activation of endogenous
. Bar, 50 mm.on by
hsp7
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the-terminal fragment in which a conserved cysteine residue
n the second zinc finger was replaced with serine. This
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393Autoregulation of Drosophila disco Genesubstitution corresponds to the alteration found in the
disco1 mutant allele. This zinc finger mutation greatly
reduced the ability of the LexA–Disco fusion to activate
transcription of the reporter construct (Fig. 5B).
These data demonstrate that Disco contains two discrete
domains that have the ability to activate transcription in a
yeast assay. The presence of these two functional transac-
FIG. 5. Identification of activation domains in the Disco protein.
disco gene and transformed into yeast cells containing the report
iagrammatic representation of the disco gene product indicating t
glutamine-rich domain (amino acid 311 to 351). Four lexA–disc
ontaining both zinc fingers (amino acid 1 to 186), a fusion to the
usion to the middle portion containing the glutamine-rich domain
cids 414 to 568). (B) Lex A fusions containing either the zinc
ranscription of the LexA reporter in yeast. The integrity of zinc fi
27 of the zinc finger domain B abolishes the expression of the lex
eporter gene transcription.tivation domains lends further support to the idea that
Disco acts as a transcriptional regulatory protein.
Copyright © 1999 by Academic Press. All rightIn Vitro DNA Binding Activity of the Disco
Protein
Given the proposed function of Disco as a transcriptional
regulatory protein, the autoactivation of disco expression we
have observed might result from a direct binding of the Disco
protein to its own promoter region. We tested this hypothesis
lexA DNA binding domain was fused to different portions of the
ne b-galactosidase (LacZ) downstream of LexA binding sites. (A)
sition of the two zinc fingers (A and B; amino acids 89 to 149) and
sions were constructed: a fusion to the Disco N-terminal region
minal region carrying a substitution in Cys 127 of zinc finger B, a
ino acids 187 to 414), and a fusion to the C-terminal region (amino
er domain or the glutamine-rich domain were able to activate
B is required for activation of transcription. A substitution in Cys
orter. The C terminal portion of the disco gene does not activateThe
er ge
he po
o fu
N-ter
(am
fing
ngerby examining the sequence-specific in vitro binding of Disco
to genomic DNA sequences from the disco locus.
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precipitation of these fragments is likely to reflect chance occur-
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Copyright © 1999 by Academic Press. All rightWe used a modified immunoprecipitation assay (Desplan
et al., 1985; McKay, 1981) to search for Disco-binding sites
in roughly 35 kb of DNA encompassing the disco transcrip-
tion unit. End-labeled DNA was mixed with a fusion
protein containing the zinc finger portion of Disco and
protein–DNA complexes were isolated by binding to mag-
netic beads (see Materials and Methods for experimental
details). Bound DNA species were then analyzed by poly-
acrylamide gel electrophoresis. By increasing the amount of
unlabeled competitor DNA included in the binding reac-
tions, we identified fragments with the greatest affinity of
binding to Disco (Fig. 6A). Two genomic fragments were
preferentially bound by the Disco fusion protein in the
presence of a large excess of competitor DNA. One of these
fragments corresponds to a region located about 2.5 kb
upstream of the disco transcription start site. The second is
located in the intron of the disco transcription unit (Fig. 6B).
Binding of Disco to the 120-bp DNA fragment (s120)
located 2.5 kb upstream of the disco transcript start site was
also analyzed by electrophoretic mobility shift assays. The
formation of nucleoprotein complexes was observed when
the labeled DNA fragment was incubated with a fusion of
the Disco zinc finger region to S. aureus protein A (Fig. 7,
lanes 2 and 3) or to a short bacteriophage T7 polypeptide
(Fig. 7, lanes 4 and 5). These complexes were not formed
when the DNA fragment was incubated with a control
bacterial extract (Fig. 7, lanes 6 and 7). In addition, the
shifted complex was not formed when the DNA fragment
was incubated with a disco–T7 protein fusion which con-
tains the disco1656 mutation (Fig. 7, lanes 8 and 9). This
utation is a missense alteration of the first Cys residue in
he zinc finger A (Heilig et al., 1991). Thus, both the
utoregulatory activity of disco in vivo and the specific
inding of Disco protein to upstream DNA sequences in
itro are abolished by this same change in one of the
onserved residues of the zinc finger motif.
DISCUSSION
The Drosophila disco gene is required for the proper
development of neuronal connectivity in the larval visual
ences of sequences which resemble the specific sequence recog-
ized by Disco [see Desplan et al. (1985)]. (B) The location of Disco
inding sites in the genomic DNA surrounding the disco transcrip-
ion unit is shown. A region of roughly 35 kb of DNA (represented
y the horizontal line) was assayed for sequence-specific binding of
isco as shown in (A). The short vertical lines represent the
ositions of EcoRI sites in the genome. The two fragments that are
onsistently coimmunoprecipitated with Disco are indicated by
haded boxes. One fragment of 120 bp (s120) is located about 2.5 kb
pstream of the start of the disco transcript. The second fragment,FIG. 6. Identification of genomic DNA sequences near disco
ranscription unit bound by Disco protein in vitro. (A) A modified
mmunoprecipitation protocol was used to assay sequence-specific
inding of Disco to fragments of cloned genomic DNA. Preparation
f the Disco fusion protein in bacteria, DNA binding, and immu-
oprecipitation reactions are described under Materials and Meth-
ds. A representative assay using a Sau3A-digested, end-labeled
acteriophage l vector containing a roughly 15-kb segment of the
isco locus is shown. Lane 1 shows the input DNA used in the
mmunoprecipitation assay. In the binding reactions, approxi-
ately 30 ng of this labeled input DNA was used. Lane 2 shows
NA fragments which are bound by disco protein and immuno-
precipitated in the absence of competitor DNA. Lanes 3 and 4 show
fragments which are bound in the presence of increasing amounts
of competitor DNA (lane 3, 1 mg poly(dI–dC) and 200 ng Sau3A-
igested bacteriophage l DNA; lane 4, 1 mg poly(dI–dC) and 1 mg
Sau3A-digested bacteriophage l DNA). Two fragments, one of
pproximately 120 bp (marked s120) and one of approximately 280
p (s280), are preferentially bound in this assay. Other fragments,
arked by open triangles, represent portions of the bacteriophage lr
n
b
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f 280 bp (s280), is located within the single intron of the disco
ranscript, about 1 kb downstream of the transcription start site.
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395Autoregulation of Drosophila disco Genesystem. The gene encodes a protein with two Kruppel-like
zinc fingers (A and B), a structural motif that has been found
in numerous nucleic acid-binding regulatory proteins (re-
viewed by Mackay and Crossley, 1998). Here, we present
evidence that disco feeds back on its own level of expres-
sion in the optic lobe primordium. Furthermore, we dem-
onstrate that the Disco protein has sequence-specific DNA
binding activity in vitro and that it contains a glutamine-
rich region and a zinc finger domain that can function as a
FIG. 7. Comparison of DNA binding activities of wild-type and
mutant Disco proteins. Fusion proteins containing the wild-type
and the disco1656 mutant zinc finger regions were prepared and used
n an electrophoretic mobility shift assay (EMSA) as described in
aterials and Methods. The disco1656 mutation is a change of Cys
94, the first conserved Cys residue of the first zinc finger in the
disco sequence, to a Tyr residue. In Drosophila, this disco muta-
ion behaves like a complete loss-of-function allele. The probe used
n this EMSA is the 120-bp fragment (s120), which is specifically
ound by Disco in the immunoprecipitation assay shown in Fig. 5.
ane 1 shows free probe without protein addition. Lanes 2 and 3
how the formation of a complex upon addition of 50 and 250 ng,
espectively, of an affinity-purified Disco–protein A fusion. Lanes 4
nd 5 show the formation of a slightly smaller complex upon
ddition of 600 ng and 3mg of an extract from bacteria producing a
Disco–bacteriophage T7 protein fusion. This complex is not
formed upon addition of similar amounts of an extract from
bacteria producing the T7 polypeptide without the fused disco
sequence (lanes 6 and 7). Moreover, the complex is not formed upon
addition of equivalent amounts of an extract containing a Disco–T7
fusion protein with the disco1656 mutation (lanes 8 and 9). This
utation, therefore, eliminates the DNA binding activity exhib-
ted by Disco protein in vitro.transactivation domain in a yeast assay. These observa-
tions, along with the localization of the gene product in the
Copyright © 1999 by Academic Press. All rightucleus (Lee et al., 1991), implicate Disco in the regulation
of gene expression at the level of transcription. Ultimately
the importance of disco as a transcription factor in vivo
needs to be addressed by the identification of disco target
genes and the respective binding sites, essential for the
development of the larval visual system connectivity.
Significance of the disco Zinc Finger Domain
Several lines of evidence indicate that the Disco zinc
finger domain is a key functional part of the molecule. We
have previously reported that two point-mutant alleles of
disco show changes in conserved cysteines in either one of
the two zinc fingers (Heilig et al., 1991). These two alleles
have a mutant phenotype that is indistinguishable from the
phenotype produced by a deletion of the disco gene. Thus,
changes in critical residues in either Disco zinc finger
appear to result in a complete loss of gene function. Here we
have shown that a mutation in one of the two zinc fingers
leads to loss of the in vitro DNA binding activity of the
Disco protein. Similar mutations in one or the other zinc
finger of the yeast ADR1 protein also result in a complete
loss of function (Blumberg et al., 1987). Likewise, it has
been demonstrated that two of the five zinc fingers found in
the PRDI-BF1 protein are necessary and sufficient for proper
sequence-specific DNA binding in vitro (Keller and Mania-
tis, 1992). Therefore, it may be a general property of this
class of zinc finger transcription factors that a minimum of
two intact zinc fingers is required for protein function.
We also demonstrate that the zinc finger domain of Disco
can function to activate transcription in a heterologous
yeast system and that this activity depends on the integrity
of the zinc finger sequences. Our observations raise the
possibility that the zinc fingers present in Disco have a dual
role: in DNA binding and in protein–protein interactions
required for transcriptional transactivation. Zinc fingers of
the C2H2 type found in Disco have been reported to bind
both DNA and protein or DNA and RNA (Engelke et al.,
1990; Merika and Orkin, 1995; Crossley et al., 1995; Arranz
et al., 1997). However, the experiments reported here do not
address the question of whether the transactivation func-
tion of the zinc finger domain detected in yeast is relevant
to disco gene function in vivo.
A human keratinocyte protein with striking sequence
similarity to disco has been described (Tseng and Green,
1992). This protein, Basonuclin, contains six zinc fingers,
arranged in three separate pairs. Each of these pairs of zinc
fingers is very closely related in sequence to the pair of zinc
fingers found in disco. Outside the zinc finger sequences,
disco and Basonuclin share little sequence similarity. Thus,
the evolutionary conservation of the zinc finger sequences
indicates that this region plays an important role in the
function of the two proteins. It also suggests that the two
proteins may have similar activities; for example, they may
bind nucleic acids with similar binding specificity or they
may regulate a common set of downstream target genes.
s of reproduction in any form reserved.
te
t
m
t
i
s
e
o
a
p
(
s
a
t
r
d
l
396 Lee et al.disco Has an Autoregulatory Activity
in the Developing Optic Lobe
We observe that the maintenance of disco mRNA and
protein expression in the optic lobe primordium beyond
stage 9 or 10 depends on wild-type disco function. We find
hat the loss of disco expression in the disco mutant optic
lobe is not the result of cell degeneration or mislocalization.
Moreover, the loss of disco activity does not appear to result
in large-scale changes in cellular identity or differentiation
in the developing optic lobe, since the expression of cell
type-specific markers is unaffected. We show that ubiqui-
tously expressed Disco under the control of a heat-inducible
promoter activates expression from the endogenous disco
gene specifically in the optic lobe primordium.
Taken together, our data suggest a model wherein disco
expression in the optic lobe region is initiated by factors
that operate independent of disco activity. Later, an auto-
regulatory feedback mechanism is required for the mainte-
nance of disco expression in the optic lobe primordia.
Maintenance of disco expression in other embryonic tis-
sues, in contrast, is not dependent on disco function. In
some tissues in which disco is expressed, genes that control
disco expression have been identified. In leg disc primordia,
the homeotic gene Ultrabithorax (Ubx) regulates the expres-
sion of Distalless (Dll), which in turn regulates the expres-
sion of disco (Cohen et al., 1991). In larval heart precursor
cells, the cardioblasts, disco expression depends on the
product of homeodomain-containing gene, tinman (tin)
(Bodmer, 1993).
Similar autoregulatory mechanisms have been described
for a number of transcription factors involved in Drosophila
and mammalian development (Hiromi and Gehring, 1987;
Kuziora and McGinnis, 1988; Bienz and Tremml, 1988;
Blochinger et al., 1991; Moses and Rubin, 1991; Sasaki and
Hogan, 1994). It is thought that these autoregulatory
mechanisms involve transcriptional regulation mediated by
direct binding of the protein to discrete elements in the
genomic DNA near the corresponding gene. Such direct
binding has been best demonstrated for the Drosophila
fushi tarazu (ftz) (Schier and Gehring, 1992) and Deformed
(Dfd) genes (Regulski et al., 1991).
Since disco is likely to encode a transcription factor, we
hypothesized that disco autoregulation might similarly
depend on direct binding of Disco to its own promoter
region. Consistent with this hypothesis, we find that Disco
binds in vitro to sites in the genomic DNA near the disco
transcription unit. The location of one of these binding
sites, roughly 2.5 kb upstream of the disco transcription
start, is similar to the location of autoregulatory enhancers
defined for the Drosophila Dfd and ftz genes (Bergson and
McGinnis, 1990; Hiromi and Gehring, 1987). Further study
is needed to determine whether the Disco binding sites we
have identified are necessary and/or sufficient for disco
autoregulation in vivo.
Copyright © 1999 by Academic Press. All rightdisco Autoregulatory Activity Is Restricted
to the Optic Lobe Primordium
We have observed that disco autoregulation is specifi-
cally active in the optic lobe primordium. We infer that the
tissue specificity of disco autoregulation is a consequence
of interactions with another factor or factors which are
spatially restricted. Such factors may act positively, by
promoting disco autoregulation specifically in the optic
lobe primordium, or negatively, by inhibiting this activity
in other tissues. The activity of another Drosophila zinc
finger protein, Glass, is negatively regulated in nonneuronal
cells by an unidentified DNA binding protein (Ellis et al.,
1993). At present, the molecular mechanism of the tissue
specificity of disco autoregulation is unknown; it may, for
xample, involve changes in the binding of Disco to DNA
arget sites or changes in the response of the disco pro-
oter.
Although the autoregulatory activity of disco is restricted
o the optic lobe primordium, it is likely that disco is active
n other tissues. The disco gene is normally expressed in a
ubset of cells in the peripheral nervous system (PNS) (Lee
t al., 1991) and abnormalities in PNS development are
bserved in disco mutant embryos (Steller et al., 1987). In
ddition, ectopic expression of disco in hs-disco embryos
roduces striking defects throughout the nervous system
A. R. Campos and H. Steller, unpublished results). As we
how here, however, this ectopic disco activity does not
utoactivate disco expression. Therefore, these other activi-
ies of the disco gene, which are likely to involve the
egulation of the expression of other genes, are not depen-
ent on the same tissue-specific factors as is disco autoregu-
ation.
Role of disco in the Development of the Larval
Visual System
We have observed that the disco gene product has several
features characteristic of transcriptional regulatory proteins
and that it autoregulates its expression in the optic lobe
primordium. What is the function of Disco and what is the
role of this autoregulatory mechanism in the development
of the larval visual system?
Although the significance of Disco in tissue-specific
autoregulation remains unclear, it is noteworthy that this
regulatory feedback occurs selectively in the optic lobe
primordium, a tissue that appears to play a critical role in
larval optic nerve guidance. As an essential intermediate
target for the larval optic nerve, the optic lobe primordium
must express a set of cell-surface molecules that direct
stable interactions with the larval photoreceptor axons.
Contact between the optic lobe primordium and the optic
nerve is maintained during a period of significant remodel-
ing of the larval head segments. Moreover, during this
period, the optic lobe cells separate and invaginate from the
head ectoderm, although they remain in an immature state
until larval stages when they divide and differentiate to
form the adult optic lobes. Thus, the autoregulatory mecha-
s of reproduction in any form reserved.
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of the optic lobe primordium throughout this period of
contact with the larval optic nerve. In addition to feeding
back on its own expression, Disco may directly regulate the
stable expression of certain critical molecules involved in
the interaction between optic lobe cells and photoreceptor
axons. These putative targets of disco regulatory activity
remain to be determined, but they might include genes
encoding cell-adhesion or cell-recognition molecules.
In addition, disco function is required for the differentia-
tion of a subset of optic lobe cells that are thought to play a
essential role in directing optic nerve connectivity. In disco
mutants, the optic lobe pioneers, a group of three neurons
that are among the earliest born cells of the optic lobe (Tix
et al., 1989), are missing or develop abnormally (Campos et
al., 1995). These neurons are normally located near the
point where the larval optic nerve enters the optic lobe
primordium and they extend processes which fasciculate
with the nerve. These features have led to the suggestion
that the OLPs may play a role in guiding the larval optic
nerve or promoting the formation of stable contacts be-
tween the nerve and the brain (Tix et al., 1989). The absence
of the OLP cells in disco mutant brains suggests that the
aberrant connectivity of the larval optic nerve results from
the improper development of the OLPs.
Our results suggest that novel insights into the mecha-
nisms that direct connectivity of this model neural circuit
may be gained by identifying genes regulated by Disco in
the optic lobe primordium and in the OLPs. The analysis of
one target gene that depends on disco function, namely the
disco gene itself, may provide an initial framework for
future studies to identify other target genes that encode
molecules involved in cell interactions necessary for optic
nerve connectivity.
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